In mammals, the blockade of the phototransduction cascade causes loss of vision and, in some cases, degeneration of photoreceptors. However, the molecular mechanisms that link phototransduction with photoreceptor degeneration remain to be elucidated. Here, we report that a mutation in the gene encoding a central effector of the phototransduction cascade, cGMP phosphodiesterase 6a 0 -subunit (PDE6a 0 ), affects not only the vision but also the survival of cone photoreceptors in zebrafish. We isolated a zebrafish mutant, called eclipse (els), which shows no visual behavior such as optokinetic response (OKR). The cloning of the els mutant gene revealed that a missense mutation occurred in the pde6a 0 gene, resulting in a change in a conserved amino acid. The PDE6 expressed in rod photoreceptors is a heterotetramer comprising two closely related similar hydrolytic a and b subunits and two identical inhibitory c subunits, while the PDE6 expressed in cone photoreceptors consists of two homodimers of a 0 subunits, each with c subunits. The els mutant displays no visual response to bright light, where cones are active, but shows relatively normal OKR to dim light, where only rods function, suggesting that only the cone-specific phototransduction pathway is disrupted in the els mutant. Furthermore, in the els mutant, cones are selectively eliminated but rods are retained at the adult stage, suggesting that cones undergo a progressive degeneration in the els mutant retinas. Taken together, these data suggest that PDE6a 0 activity is important for the survival of cones in zebrafish.
Introduction
More than a hundred genes associated with inherited photoreceptor degeneration have been identified in human (Pacione et al., 2003; Kennan et al., 2005 ; see a homepage of retinal information network, http://www.sph.uth.tmc.edu/ Retnet/). Photoreceptor degeneration is unique in that mutations in genes encoding proteins of great functional diversity 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.09.001 lead to the death of cells, for example, proteins involved in phototransduction (Rattner et al., 1999) , retinol metabolism (Besch et al., 2003) and in the transport of proteins to the photoreceptive membrane through the intraflagellar transport (Williams, 2002; Eley et al., 2005) . In the phototransduction cascade, it was reported that mutations in the genes encoding opsins, transducin, cGMP phosphodiesterase 6 (PDE6), guanylate-cyclase-activating protein and cGMP-gated channels cause photoreceptor degenerations in human and mouse (Rattner et al., 1999) . Although it has been proposed that the blockade of the phototransduction cascade elevates the cGMP level, which leads to photoreceptor degeneration (Lolley et al., 1976; Aguirre et al., 1978; Tsang et al., 1996; Woodruff et al., 2007) , the mechanism that underlies these degeneration processes remains to be elucidated.
The photoexcitation of rhodopsin or opsins results in the activation of transducin, the heterotrimeric guanine nucleotide-binding protein of photoreceptor cells, which then binds and activates its effector enzyme, PDE6. The acceleration of PDE activity results in a drop in the cyctoplasmic concentration of cGMP, which causes the closure of cGMP-gated plasma membrane cationic channels and cell hyperpolarization. Nonactivated rod PDE6 is a heterotetramer consisting of two closely similar hydrolytic a and b subunits and two identical c subunits, the latter of which serves as a protein inhibitor of the enzyme. On the other hand, cone PDE6 consists of two homodimers of a 0 subunits with c subunits. In human genetic diseases associated with photoreceptor degeneration, mutations in the PDE6 a-subunit (PDE6a or PDE6a) and b-subunit (PDE6b or PDE6b) genes have been reported (McLaughlin et al., 1993 (McLaughlin et al., , 1995 Gal et al., 1994; Huang et al., 1995) . However, no mutations in the PDE6a 0 -subunit (PDE6a 0 or PDE6c) genes have been found in human (Gao et al., 1999) . Functional genetic approaches, which are represented by large-scale mutagenesis screens to isolate mutant phenotypes, offer a powerful way of dissecting biological processes and of subsequently identifying the genes involved by mapping and cloning the mutations. Recently, the screening of visual mutants has been carried out using zebrafish (Danio rerio) as a vertebrate model (Brockerhoff et al., 1995; Malicki et al., 1996; Neuhauss et al., 1999; Gross et al., 2005; Muto et al., 2005) . Throughout these screens, zebrafish mutants showing defects in visual behaviors such as optokinetic response (OKR) and retinal morphology have been identified (Brockerhoff et al., 1998; Doerre and Malicki, 2002) . Recently, the cloning of these mutant genes has been reported. It was reported that a component of the ciliary transport, IFT88, is mutated in a photoreceptor degeneration mutant, oval (Tsujikawa and Malicki, 2004a) . elipsa is a zebrafish mutant showing photoreceptor degeneration, and its mutant gene encodes a novel coiled-coil domain-containing protein, which is required for ciliogenesis (Omori et al., 2008) . It was reported that the asubunit of the cone transducin is mutated in a visual-behavior-defective mutant, no optokinetic response f (nof) (Brockerhoff et al., 2003) . no optokinetic response c (nrc) mutant was originally isolated as an OKR-defective mutant, in which photoreceptor terminals develop abnormally and the ON pathway is predominantly affected (Allwardt et al., 2001; Emran et al., 2007) . The nrc mutant gene encodes a polyphosphoinositide phosphatase, which regulates clathrin-mediated endocytosis and actin cytoskeletal rearrangement at synapses (Van Epps et al., 2004) . Although several factors essential for photoreceptor maintenance and functions have been identified using zebrafish visual mutants, the processes of photoreceptor degeneration still need to be understood.
In this study, we screened zebrafish mutants showing defects in visual behaviors such as OKR and identified three mutants showing no OKR. Here, we present one of these mutants, eclipse (els). Electroretinogram (ERG) measurement revealed that a receptor potential after photoactivation is almost absent in the els mutant photoreceptors, suggesting that the primary defect of the els mutants is in phototransduction. The cloning of the els mutant gene revealed that a missense mutation occurred in PDE6a 0 . Zebrafish PDE6a 0 is expressed exclusively in cones, suggesting that the cone-specific phototransduction pathway is affected in the els mutant. Consistently, the els mutant displays almost no OKR under the photopic condition, where cones are active, but the OKR is relatively normal under the scotopic condition, where only the rods function. We also examined the morphology of the els mutant retinas during development. Cones were selectively eliminated in the adult els mutant retinas, while rods were retained in the els mutant, suggesting that cones undergo a progressive degeneration in the els mutant retinas. Taken together, these data suggest that PDE6a 0 regulates not only cone-specific phototransduction but also cone maintenance. Very recently, independent of us, another research group also found a nonsense mutation of the pde6a 0 gene in zebrafish (Stearns et al., 2007) , suggesting that this mutant is allelic to els. We will also discuss the phenotypic differences between them.
Results

Isolation of zebrafish mutants showing defects in visual behavior
To elucidate the mechanisms that underlie the functional integrity of photoreceptors, we screened zebrafish mutants showing defects in visual behavior. Throughout the screening of 305 mutagenized genomes, we isolated eight mutants that show no OKR (Table 1) . We examined the retinal morphology in these eight mutants and found that only three of them, namely, twilight (tli), eclipse (els) and corona (coa), showed defects in retinal development. These three mutants showed normal body shape (Fig. 1A, B) , although the tli mutant showed melanophore expansion and no swim bladder. Plastic sectioning of 5-7 days post-fertilization (dpf) retinas revealed that only the photoreceptor layers were affected in these mutants ( Fig. 1C-F) . In wild-type retinas, the outer nuclear layer (ONL) and the outer plexiform layer (OPL) were clearly distinct, and photoreceptors had a well-elongated outer segment (OS) (Fig. 1C) . However, the OS was missing in the tli mutant photoreceptors, although the ONL was formed (Fig. 1D ). In the els mutant, the ONL and OPL were formed but the shape of the photoreceptors seemed to be irregular (Fig. 1E ). In the coa mutant, both the ONL and OPL were missing (Fig. 1F) , suggesting that the early development of photoreceptors is compromised in the coa mutant.
To examine whether photoreceptors initially differentiate in these mutants and whether they degenerate after 5 dpf, we labeled 8 dpf wild-type and these mutant retinas with zpr-1 antibody, which labels the double-cone photoreceptors (Larison and BreMiller, 1990) (Fig. 1G) . In all these mutants, zpr-1-positive photoreceptors were detected in the region adjacent to the ciliary marginal zone (CMZ), where retinal stem cells normally continue to produce retinal neurons throughout life (Fig. 1G-J) , suggesting that photoreceptors views of wild-type, tli, els and coa mutant larvae at 7 dpf. The tli mutant larvae have expanded melanophores and no swim bladder. The els and coa mutant embryos have relatively normal body shape. (C-F) Plastic sections of wildtype (C), tli (D), els (E) and coa (F) mutant retinas. The stage examined was 7 dpf, except for the tli mutant that was examined at 5 dpf. In wild-type retina, three nuclear layers (RGC layer, INL, ONL) and two plexiform layers (IPL, OPL) are clearly evident (C). In the ONL, the photoreceptors differentiate and have a well-elongated OS, which is stained in dark blue (C, arrowheads). By contrast, in all three mutants, there are specific defects in the morphology of the photoreceptors. In the tli mutant, the nuclei of the ONL are observed to be normal, but the OS of the photoreceptors is specifically missing (D, the inset indicates wild-type 5 dpf photoreceptors). In the els mutant, photoreceptors are maintained, but the shape of the OS (arrowheads) is abnormal. In the coa mutant, both the ONL and OPL are absent. Furthermore, the horizontal cells are flat-shaped neurons normally located in the outer-most region of the INL, but are not observed in the coa mutant retinas. (G-J) Labeling of 8 dpf wild-type (G), tli (H), els (I) and coa (J) mutant retinas with zpr-1 antibody, which specifically labels zebrafish double-cone photoreceptors. All the nuclei are counterstained with Sytox-green (green). In wild-type retina, zpr-1-positive photoreceptors (G, red) form the ONL. In the tli mutant, zpr-1-positive photoreceptors are detected in the CMZ but almost absent in the central retina (H), suggesting that photoreceptors differentiate but degenerate in the tli mutant. In the els mutant, zpr-1-positive cells are maintained but their pattern is not regular (I). In the coa mutant, a few zpr-1-positive cells are observed in the region close to the CMZ, but they are completely absent in the central retina (J). initially differentiate in these mutants. In the tli mutant, zpr-1-positive cells were almost absent in the central retina at 8 dpf (Fig. 1H) , suggesting that most photoreceptors are eliminated by 8 dpf in the tli mutant. In the els mutant, zpr-1-positive cells were irregular in shape but still present even in the central retina, indicating that photoreceptors are maintained at 8 dpf in the els mutant (Fig. 1I ). In the coa mutant, zpr-1-positive cells were completely eliminated in the central retina (Fig. 1J) , confirming that photoreceptors rapidly undergo cell death in the coa mutant.
Next, we carried out ERG measurements using 7 dpf wildtype and these mutant larvae. Wild-type larvae showed a typical response in the ERG (Fig. 1K ), but these three mutants showed no response in the ERG (Fig. 1L-N) . In the case of the tli and coa mutants, the absence of a response in the ERG is possibly due to the absence of photoreceptors at 7 dpf. Because photoreceptors are maintained in the els mutant at 7 dpf, the phototransduction seems to be compromised in the els mutant. In the latter part of this study, we will focus on the els mutant.
2.2.
The els mutant gene encodes PDE6a
0
To elucidate the molecular basis of the els mutation, we mapped the els mutational locus on zebrafish chromosomes. Using SSLP polymorphic markers, we found that the els muta- tional locus is positioned within the genomic region between z53723 (1 recombination in 652 meiosis) and z15249 (10 recombinations in 652 meiosis) on chromosome 12. Using the zebrafish genomic database (Sanger Institute, ver. 30), we found two new polymorphic markers, namely, zC149K17-3 and zC149K17-12, which flanked the els mutation. Both markers were mapped on one of zebrafish BACs, CHOR-I211-149K17. On the basis of the genomic database, three genes, namely, zgc:73085 (pde6a 0 ), retinol binding protein 4
(rbp4) and a novel kinesin-like gene, ENSDARG000000009923, were found to be located within the genomic region between zC149K17-3 and zC149K17-12 ( Fig. 2A) . To identify the els mutant gene, we sequenced their cDNAs that were prepared from the els homozygous mutant RNA. We found that a missense mutation occurred in the gene encoding PDE6a 0 in the els mutant genome. A conversion of T into G occurred in the els mutant genome, resulting in an amino acid substitution of Met175 to Arg. We also confirmed that this nucleotide Fig. 3 -The els mutant photoreceptors show abnormalities in cell shape, cell death and opsin localization in the OS. (A, B) EM analysis of wild-type (A) and els mutant (B) photoreceptors at 6 dpf. The OS develops from the apical surface of the photoreceptors and is composed of multiple-stacked membrane discs. Beneath the OS, mitochondria accumulate to form elipsoid (e). Although the global shapes of the OS and ellipsoid are deformed in the els mutant, their fine structure seems to be normal (B). (C-E) Ultrastructures of OS (C), connecting cilia (D) and synaptic region (E) in els mutant photoreceptor, which seem normal. (F, G) TUNEL (green) of wild-type and els mutant retinas at 6 dpf. The ONL are visualized by labeling with zpr-1 antibody (red), which stains the double-cone photoreceptors. (H) Histogram of number of dying cells per eye in ONL and INL of wild-type and els mutant larvae at 6 and 9 dpf. Light blue and error bars indicate average ± standard deviation. The cell death rates in the ONL and INL are higher in the els mutant than in the wild-type, and there is a significant difference between them at 6 dpf. (I, J) Labeling of wild-type (I) and els mutant (J) photoreceptor layers with antibodies against zebrafish red opsin (red) and green opsin (green). In some of the els mutant photoreceptors, both opsins fail to be localized to the OS but spread to the basal end of photoreceptors (arrows). (K, L) Labeling of wild-type (K) and els mutant (L) photoreceptor layers with anti-blue opsin antibody (red) and zpr-1 antibody (green). In the els mutant, blue opsin is mislocalized outside of the OS (arrows). (M, N) Labeling of wild-type (M) and els mutant (N) photoreceptor layers with anti-UV opsin antibody (red) and zpr-1 antibody (green). The mislocalization of UV opsin outside of the OS is not detected in the els mutant. (O, P) Labeling of wild-type (O) and els mutant (P) photoreceptor layers with anti-rhodopsin antibody (red) and zpr-1 antibody (green). In the els mutant, rhodopsin is mislocalized outside of the OS (arrows).
substitution did not occur in G0 fish genome that was mutagenized by chemical mutagen, excluding the possibility that it is polymorphism (data not shown). Furthermore, we could not detect any mutation within the coding region of the two other candidate genes, rbp4 and ENSDARG000000009923. It was reported that mutations in the rbp4 gene reduce the retinol level and compromise visual response in human . To exclude the possibility that a mutation occurs in the enhancer or promoter region of the rbp4 gene and affects its expression level, we examined the level of the rbp4 mRNA expression in the els mutant by in situ hybridization and semi-quantitative PCR. We found that there is no significant difference in the rbp4 mRNA level between the els mutant and wild-type sibling larvae (Fig. S1 ).Taken together, these data suggest that the els mutant gene encodes PDE6a 0 . Met-175 is located in the GAF-A domain, which is considered to function as a regulatory domain of PDE6a 0 (Fig. 2B ).
An amino acid comparison between zebrafish and other vertebrate species revealed that either Met or Leu is observed in other vertebrate species and never converted to electrically charged residues such as Arg in the position equivalent to that of Met175 of the zebrafish pde6a 0 gene (Fig. 2C) . Thus, it is likely that this amino acid substitution compromises PDE activity.
The pde6a 0 gene is expressed in cone photoreceptors
The PDE6 expressed in rod photoreceptors is a heterotetramer comprising two closely related similar a and b subunits and two identical inhibitory c subunits, while the PDE6 expressed in cone photoreceptors consists of two homodimers of a 0 -subunits, each with c subunits (Ridge et al., 2003; Burns and Arshavsky, 2005) . We examined the expression patterns of zebrafish PDE6a 0 , PDE6a and PDE6b. At 4 dpf, pde6a 0 mRNA was detected in the retina (Fig. 2D ). Plastic sectioning revealed that retinal expression was localized in the photoreceptor cell layer (Fig. 2G ). By contrast, pde6a and b mRNA expressions were faint and observed around the ventral patch of the photoreceptor cell layer at 4 dpf (Fig. 2E, F, H, I ), suggesting that the onset of pde6a and pde6b mRNA expression is later than that of pde6a 0 . To confirm that PDE6a 0 is expressed in cones but not in rods, we examined the double labeling of 6 dpf wild-type retinas with pde6a 0 and red opsin or rhodopsin RNA probes. The red opsin expression overlapped with that of pde6a 0 (Fig. 2J, K) . On the other hand, the rhodopsin mRNA expression did not overlap with that of pde6a 0 (Fig. 2L, M ).
These data suggest that the zebrafish pde6a 0 gene is expressed in cones. Because the maturation of rods occurs later than that of cones in zebrafish, the OKR depends on the visual activity of cones around 6 dpf (Brockerhoff et al., 1998) . It is consistent with the finding that the els mutant larvae show no OKR at 6-8 dpf.
The integrity of photoreceptors is affected in the els mutant at early stages
It was reported that mutations in the rod-specific components of PDE6, PDE6a and PDE6b, cause photoreceptor degeneration in human and mouse (Rattner et al., 1999) , suggesting that the aberrant regulation of cGMP level leads to photoreceptor degeneration (Lolley et al., 1976; Aguirre et al., 1978) . To determine whether the els mutation affects the maintenance of photoreceptors, three sets of experiments were carried out. First, we examined the ultrastructures of photoreceptors in the els mutant using an electron microscope (EM). Although the sizes of subcellular regions of photoreceptors varied (Fig. 3A, B) , the ultrastructures of the OS (Fig. 3C) , the mitochondria-rich region called ellipsoid (Fig. 3B ), connecting cilia (Fig. 3D ) and synaptic region (Fig. 3E) were not severely affected in the els mutants at 6 dpf. Second, we examined the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) of wild-type and els mutant retinas at 6 dpf and 9 dpf (Fig. 3F-H) . The number of dying cells in both ONL and inner nuclear layer (INL) was higher in the els mutant retinas than in the wild-type retinas at both stages, and the difference was statistically significant at 6 dpf (Fig. 3H) . Third, we examined the localization of opsin molecules in the OS at 6 dpf, because it was reported that the mislocalization of opsin molecules outside the OS correlates with photoreceptor degeneration (Doerre and Malicki, 2002; Tsujikawa and Malicki, 2004b) . In wild-type photoreceptors, all types of opsins were localized in the OS (Fig. 3I , K, M, O). However, we detected the mislocalization of red, green and blue opsins outside the OS in the els mutant (Fig. 3J, L) , although we could not detect such mislocalization of UV opsin outside the OS in the els mutant (Fig. 3N) . Furthermore, although the pde6a 0 gene is not expressed in rods, we often observed that rhodoposin expression failed to be localized in the OS but spread to the basal area (Fig. 3P) , indicating that the els mutation affects the rod integrity in a cell-nonautonomous manner. These observations suggest that the els mutation affects the integrity of photoreceptors such as the localization of visual pigments at 6-9 dpf, probably leading to the increase in the cell death rate.
Both cones and rods are deformed at 3 wpf but rods function in the els mutant
We examined the morphology of the els mutant retinas at a later stage, 3 weeks post-fertilization (wpf). In the els mutant, the retinal ganglion cell (RGC) layer and the INL formed normally but the ONL was thin (Fig. 4A, B) , suggesting that photoreceptors are deformed in the els mutant. Next, we examined whether rods and cones are normally maintained. Anti-rhodopsin and zpr-1 antibodies label rods and doublecone photoreceptors, respectively. Both rods and cones were irregular in shape and the cones decreased in number in the els mutant (Fig. 4C-F) , suggesting that both rods and cones are still maintained but deformed. These data suggest that the els mutation affects the maintenance of both rods and cones.
It was reported that rods become mature and fully function after 3 wpf (Bilotta et al., 2001) . To determine whether rods function in the els mutant retina at 3 wpf, we examined OKR under the scotopic light condition, where only rods function. The els mutant larvae exhibited no OKR under the photopic condition, where cones function (Fig. 4G, H) . However, under the scotopic condition, the els mutant larvae could exhibit OKR (Fig. 4I, J) . These data suggest that the rods function in the els mutant at 3 wpf, although the morphology of rods is irregular.
2.6.
Cones are severely eliminated and rods are retained in the els mutant adult retina Next, we examined the morphology of the els mutant adult retina. Plastic sectioning of wild-type and els mutant retinas at 6 months post-fertilization (mpf) revealed that the morphology of the photoreceptor cell layer is abnormal in the els mutant: the layer of rod nuclei becomes thick, typical cone cell morphology is missing and pigmented epithelium invaginates more deeply into the photoreceptor cell layer (Fig. 4K, L) . We examined the molecular markers of rod and cone photoreceptors, namely, rhodopsin (rod), zpr-1 (red/green cone), blue opsin (blue cone) and UV opsin , which stains the rod OS. All the nuclei were labeled with Sytox-green (green). The rod OS is irregularly patterned in the els mutant (D). (E, F) Labeling of wild-type (E) and els mutant (F) retinas with zpr-1 (red), which stains double-cone photoreceptors (red cones/green cones). All the nuclei were labeled with Sytox-green (green). The zpr-1-positive cones are irregularly patterned and decrease in number in the els mutant (F). (G, H) OKR of 3 wpf wild-type (G) and els mutant (H) larvae under photopic condition where cone photoreceptors mainly function. Eye positions were defined by angles between the body axis and the major axis of the ellipse to which the eye shape approximates. Eye positions were plotted over time during optokinetic stimulation in one direction. The wild-type larvae showed a typical normal OKR, but there was no OKR in the els mutant, suggesting that the els mutant lacks the conemediated phototransduction. (I, J) OKR of 3 wpf wild-type (I) and els mutant (J) larvae under scotopic condition where rod photoreceptors mainly function. In the els mutant, a regular pattern of eye pursuit to moving stimuli and saccade was observed, suggesting that the els mutant has the rod-mediated scotopic vision. (K, L) Plastic sections of central retina of wildtype (K) and els mutant (L) larvae at 6 mpf. The morphology of the photoreceptor cell layer is abnormal in the els mutant. The layer of rod nuclei (n) becomes thick, typical cone cell morphology (c) is missing, and pigmented epithelium (p) invaginates more deeply into photoreceptor cell layer. (M, O) Labeling of central retina of wild-type (M) and els mutant (O) larvae at 6 mpf with anti-rhodopsin antibody (red). All the nuclei are counterstained with Sytox-green (green). Almost all the photoreceptors retained in the els mutant are labeled with anti-rhodopsin antibody, suggesting that most ONL cells are rods. (P, Q) Labeling of central retina of wild-type (P) and els mutant (Q) larvae at 6 mpf with zpr-1 antibody (red). All the nuclei are counterstained with Sytox-green (green). There are almost no zpr-1-positive cells in the ONL of the els mutant, suggesting that red cones and green cones are eliminated in the els adult retina. (R, S) Labeling of central retina of wild-type (R) and els mutant (S) larvae at 6 mpf with anti-blue opsin antibody (red). All the nuclei are counterstained with Sytox-green (green). There are almost no blue opsin-positive cells in the ONL of the els mutant, suggesting that blue cones are eliminated in the els adult retina. (T, U) Labeling of central retina of wild-type (T) and els mutant (U) larvae at 6 mpf with anti-UV opsin antibody (red). All the nuclei are counterstained with Sytox-green (green). There are almost no UV-opsin-positive cells in the ONL of the els mutant, suggesting that UV cones are eliminated in the els adult retina.
(UV cone) in wild-type and els mutant adult retinas. There were no photoreceptors expressing zpr-1, blue opsin and UV opsin in the els mutant (Fig. 4Q, S, U) , suggesting that almost all the cone photoreceptors are eliminated in the els mutant retinas at 6 mpf. By contrast, almost all the photoreceptors in the els mutant expressed rhodopsin (Fig. 4O) , suggesting that rods are retained in the els mutant. Such defects seem to be weaker in the more peripheral retina than in the central retina of the els mutant. Photoreceptors expressing zpr-1, blue opsin and UV opsin could be detected in the els mutant CMZ (Fig. S2 ) and were gradually lost to the central retina (Fig. S3) . Taken together, these data suggest that cones progressively degenerate and are eventually eliminated at the adult stage in the els mutant. Although rods are deformed in the els mutant at 3 wpf, they are maintained in the els mutant at 6 mpf.
2.7.
Morphology of rods is normal in the els mutant at the adult stage
Rods are a major component of photoreceptors in the central retina of the els mutant at 6 mpf ( Fig. 4K-U) . To determine whether the morphology of rods is normal even in the absence of cones in the els mutant retina, we examined the ultrastructures of rods of the els mutant at 12 mpf using an EM. Semi-thin sectioning revealed that cone cells are specifically missing in the els mutant retina but the other parts of the neural retina seem normal in the els mutant, except that the region of the rod OS becomes thicker (Fig. 5A, B) . The ultrastructures of the OS, ellipsoid, connecting cilia and nuclei seemed normal in the els mutant rods (Fig. 5C-H) . Although synapse ribbons were less frequently observed in the OPL of the els mutant than in the wild-type (Fig. 5E) , there is no sign showing degeneration in the OPL of the els mutant retina (Fig. 5H) . Given the fact that the els mutant has relatively normal scotopic vision (Fig. 4J) , it is very likely that rods have normal morphology and function in the els mutant at the adult stage.
The ratio of rods to INL cells increases in the els mutant at the adult stage
The layer consisting of rod nuclei seems thicker in the els mutant than in the wild-type at 6 mpf (Fig. 4K, L) , suggesting The averages and standard deviations are 37.6 ± 10.7 for the wild-type at 6 mpf (n = 5), 63.3 ± 5.3 for the els mutant at 6 mpf (n = 5), 46.8 ± 8.5 for the wild-type at 12 mpf (n = 4) and 47.0 ± 3.7 for the els mutant at 12 mpf (n = 4). (B) Number of INL cells within 100 lm length along the line parallel to the ONL in wild-type (red bars) and els mutant (blue bars) at 6 (left) and 12 mpf (right). The averages and standard deviations are 156.0 ± 31.0 for the wild-type at 6 mpf (n = 5), 112.2 ± 18.3 for the els mutant at 6 mpf (n = 5), 76.0 ± 19.8 for the wild-type at 12 mpf (n = 4) and 51.8 ± 3.4 for the els mutant at 12 mpf (n = 4). (C) Ratio of the number of rods to the number of INL cells in wild-type (red bars) and els mutant (blue bars) at 6 (left) and 12 mpf (right). The averages and standard deviations are 25.7 ± 12.4 for the wild-type at 6 mpf (n = 5), 58.3 ± 6.1 for the els mutant at 6 mpf (n = 5), 64.4 ± 19.6 for the wild-type at 12 mpf (n = 4) and 91.0 ± 7.4 for the els mutant at 12 mpf (n = 4). (D, E) BrdU labeling of wild-type (D) and els mutant (E) retinas at 5 wpf. Retinal plexiform layers are visualized by counterstaining with phalloidine. In the wild-type retinas, BrdU is observed not only in the CMZ (D, asterisk) but also in the cells scattered within the ONL (D, arrowheads), which appear to be rod progenitors. In the els mutant retinas, BrdU incorporation is also observed in the cells located in the INL (E, arrows), which is rarely observed in the wild-type retinas. (F) Density of BrdU-positive cells in the INL and ONL of the wild-type and els mutant retinas at 5 wpf. The number of eyes examined was four for both the wild-type and els mutant. BrdU incorporation in the INL is markedly higher in the els mutant than in the wild-type larvae (p = 1.9 · 10
À5
, t-test), suggesting that cell proliferation is activated in the INL of the els mutant. In the case of the ONL, BrdU incorporation is also higher in the els mutant than in the wild-type larvae (p = 0.043, t-test), suggesting that rod progenitor cells increase in number in the els mutant.
that rods increase in number in the els mutant. We examined the number of rods and INL cells in the central retina of the els mutant and wild-type sibling at 6 and 12 mpf. Using retinal sections, we determined the cell number in the rod nuclear layer and the INL within 100 lm length along the line parallel to the ONL. At 6 mpf, the number of rods per given length of retinal layers was significantly higher in the els mutant than in the wild-type (Fig. 6A, left) . However, the number of rods per given length in the els mutant became almost the same as that in the wild-type at 12 mpf (Fig. 6A, right) , suggesting that the increase in rod number seems transient approximately 6 mpf in the els mutant. By contrast, the number of INL cells per given length of retinal layers was lower in the els mutant than in the wild-type at both 6 and 12 mpf (Fig. 6B) , suggesting that the INL cells decrease in number in the els mutant at adult stages. We calculated the ratio of the number of rods to the number of INL cells. The ratio of the number of rods to the number of INL cells was significantly higher in the els mutant than in the wild-type at both 6 and 12 mpf (Fig. 6C) , although the rod number per given length of retinal layers was almost the same between the wild-type and the els mutant at 12 mpf (Fig. 6A, right) . Taken together, these data suggest that the number of rods transiently increases in the els mutant at 6 mpf, whereas the number of INL cells decreases in the els mutant retina at both 6 and 12 mpf. As a result, the ratio of rods to INL cells is higher in the els mutant than in the wild-type at both 6 and 12 mpf.
Proliferation increases in INL of els mutant at 5 wpf
Rods are initially deformed in the els mutant at 3 wpf, but they increase in number at 6 mpf. Furthermore, cones are severely eliminated and INL cells decrease in number in the els mutant at 6 and 12 mpf. It is generally accepted that rod progenitors produce rods after the embryonic stage throughout life (Johns and Fernald, 1981; Otteson and Hitchcock, 2003) . It was also reported that Mü ller cells are multipotent and can produce retinal neurons after injury of the neural retina in zebrafish (Bernardos et al., 2007) . Thus, we examined the possibility that the proliferation of rod progenitors or Mü ller cells is activated to facilitate neuronal differentiation, which may compensate for the absence or reduction of rods, cones and INL cells in the els mutant. We examined BrdU incorporation in wild-type and els mutant retinas at 5 wpf. In the wildtype retina, BrdU incorporation was observed in the ONL and probably corresponds to the rod progenitors (Fig. 6D ). By contrast, in the els mutant retina, BrdU incorporation was observed in not only presumptive rod progenitors but also cells located in the INL (Fig. 6E) . The density of BrdU-positive INL cells in the neural retina was markedly higher in the els mutant than in the wild-type larvae (Fig. 6F) , suggesting that cell proliferation is activated in the INL of the els mutant. The density of BrdU-positive ONL cells in the neural retina was also higher in the els mutant than in the wild-type larvae, although the difference was smaller than in the case of the INL (Fig. 6F) , suggesting that rod progenitors increase in number in the els mutant. Although we could not identify the type of these INL cells, these proliferating cells seem to be derived from Mü ller glia. These data suggest that cell proliferation is ectopically activated in the els mutant retina.
Discussion
In this study, we isolated zebrafish els mutant, which shows no OKR. The cloning of the els mutant gene revealed that the els gene encodes PDE6a 0 . PDE6 is a central effector molecule of the vertebrate phototransduction cascade, and is a heterotetramer consisting of abcc in rod photoreceptors and a 0 a 0 cc in cone photoreceptors in vertebrates (Ridge et al., 2003) . Because PDE6a 0 is a component of cone PDE, these data suggest that cone-mediated phototransduction is affected in the els mutant. The els mutant showed no ERG under the photopic condition at 7 dpf. We also found that the els mutant showed OKR under the scotopic condition at 3 wpf, suggesting that the els mutant has the rod-mediated scotopic vision. Taken together, these data suggest that only the conemediated phototransduction pathway is disrupted in the els mutant. Next, we examined the morphology of the els mutant retinas during development, and found that cones underwent a progressive degeneration and were eventually eliminated in the els mutant. By contrast, rods were retained at the adult stage in the els mutant, although they were initially deformed. Taken together, these data suggest that PDE6a 0 activity is important for not only cone-mediated phototransduction but also the maintenance of cone photoreceptors in zebrafish.
In this study, we found that a missense mutation occurred in the GAF-A domain of the pde6a 0 gene. The GAF acronym is derived from the names of the first three classes of proteins that constitute this domain, namely, mammalian cGMP-binding PDEs, Anabaena adenynyl cyclase, and Escherichia coli FhlA (Aravind and Ponting, 1997) . In PDE6a 0 , two GAF domains, called GAF-A and GAF-B, are located in tandem N-terminal to a catalytic domain (Zoraghi et al., 2004) . Although GAF domains are considered to function as regulatory regions of PDE6a 0 , their function is still unknown. Three possible roles of GAF domains in PDE6 have been proposed. First, GAF domains play a role in the inhibition of PDE activity. It was reported that cGMP noncatalytically binds to the GAF-A domains of PDE6a/b (Cote et al., 1994) and PDE6a 0 (Huang et al., 2004) , and that this noncatalytic cGMP binding allosterically reduces PDE activity through an increase in the affinity of the inhibitory subunit PDE6c to the hydrolytic subunits of PDE6a/b (D'Amours and Cote, 1999) . Second, because GAF domains interact with PDE6c and do not directly regulate the catalytic domain of PDE6, GAF domains might be involved in the activation process of PDE6 by regulating the activity of PDE6c. Third, GAF domains are necessary for dimerization of PDE6a/a 0 /b and determine the specificity of dimerization. It was reported that GAF domains are important for the dimerization selectivities of PDE6a/b and PDE6a 0 a 0 (Muradov et al., 2003a) . The missense mutation found in the els mutant results in an amino acid substitution of Met175 to Arg. Met175 is positioned in a conserved amino acid region among the PDE6a 0 family, suggesting that this amino acid substitution compromises the PDE activity. It will be interesting to determine whether this amino acid substitution affects the noncatalytic binding of cGMP on the GAF-A domain, the affinity of PDE6c to the GAF-A domain, and the GAF-A domain-mediated dimerization of PDE6a 0 . Previous studies demonstrated that mutations in the GAF domains of human PDE6a and PDE6b genes cause autosomal-recessive inheritance of retinitis pigmentosa (McLaughlin et al., 1995; Dryja et al., 1999) and also autosomal-dominant congenital stationary night blindness probably through constitutive activation of rod PDE6 (Gal et al., 1994; Danciger et al., 1995; Muradov et al., 2003b) . Because the visual defects in the els mutant are recessive, it is very likely that the loss-of-function of PDE6 causes the els mutant phenotypes, such as the retinitis pigmentosa in human.
In this study, we showed that the els mutant displays a progressive degeneration of cone photoreceptors. Very recently, independent of us, Stearns et al. found a nonsense mutation of the zebrafish pde6a 0 gene (Stearns et al., 2007) .
In the zebrafish with this nonsense mutation, cone degeneration is observed in the central retina at 4 dpf, suggesting that cone degeneration more rapidly occurs in this nonsense mutation allele than in the els mutant allele. At 8 dpf, most rods are also eliminated in the most central region of the retina in this nonsense mutation allele, whereas such a severe loss of rods was not observed at such early stages in the els mutant. These observations suggest that the els mutant allele that we isolated may be hypomorphic. Although the level of manifestation of photoreceptor phenotypes is milder in the els mutant allele than in nonsense mutation allele at embryonic and larval stages, the retinal phenotypes at the adult stages are very similar for both alleles: cones are eliminated and rods are prominently maintained in the central retina.
In this study, we found that rods increase in number in the central retina of 6 mpf els mutant, whereas the number of INL cells decreases, leading to the increase in the ratio of the number of rods to the number of INL cells at the adult stages ( Fig. 6A-C) . However, Stearns et al. found that the rod number in the central retina of the zebrafish with the nonsense mutation was the same to that of the wild-type at 3 mpf (Stearns et al., 2007) . This difference may be due to the stage when the number of rods was examined. Like in the els mutant, the rods may increase in number after 3 mpf in the zebrafish with the nonsense mutation. Alternatively, the increase in rod number may occur transiently during the larval stage. Indeed, the number of rods per given length of retinal layers in the els mutant is almost the same to that in the wild-type at 12 mpf. Since the nonsense mutation allele is associated with severe defects in photoreceptor maintenance, the increase in rod number might occur before 3 mpf in the zebrafish with the nonsense mutation. What mechanisms underlie cone degeneration in the pde6a 0 mutant? It is likely that the reduction of PDE activity results in the elevation of free intracellular cGMP concentration, which may trigger the degeneration of cones. Genetic studies on human retinitis pigmentosa and mouse mutants showing photoreceptor degeneration have suggested that an increase in the free intracellular cGMP concentration causes the degeneration of rod photoreceptors (Tsang et al., 1996; Woodruff et al., 2007) . The increase in cGMP concentration facilitates the opening of the cGMP-binding channel in photoreceptors, leading to an increase in intracellular Ca 2+ concentration, which is considered to be a trigger of rod degeneration (Read et al., 2002) . Our findings suggest that a common mechanism regulates both cone degeneration in the els mutant and rod degeneration in human retinitis pigmentosa. Recent studies using the mouse PDE6b mutant retinal degeneration 1 (rd1) suggested that rod degeneration is mediated by signaling molecules activated by Ca 2+ , for example, calpain, poly(ADP-ribose) polymerase, apoptosis-inducing factor (AIF), and caspase-12 (Paquet-Durand et al., 2006 Sanges et al., 2006) . It was also reported that the elevation of cGMP concentration causes oxidative stress triggering calpain-mediated apoptosis in rd1 photoreceptors (Sharma and Rohrer, 2007) . Although it still remains to be elucidated how a high level of Ca 2+ triggers photoreceptor degeneration, the els mutant will become a good model in which to study the mechanism that underlies the cGMP-and Ca 2+ -dependent cell death of photoreceptors.
In the case of human retinitis pigmentosa, rod photoreceptors initially degenerate, followed by a progressive degeneration of cone photoreceptors, suggesting the interdependence between rod and cone maintenance (Sahel et al., 2001) . However, in the guanylyl cyclase-E-deficient mouse, which shows a progressive degeneration of cones, rods do not degenerate despite a reduced response in the rod-mediated ERG (Yang et al., 1999) . In the els mutant, cones are completely eliminated at the adult stage, but rods are still retained. One possibility is that the survival of rods is independent of cones in zebrafish. However, we found that the subcellular localization of rhodopsin in the OS was affected in the els mutant rods at 6 dpf. Rods decrease in number and their structures are deformed in the els mutant at 3 wpf. Thus, this possibility seems unlikely. Another possibility is that cone degeneration triggers rod degeneration, but that some unknown mechanism facilitates rod differentiation, which may compensate for the loss of rods at the early developmental stages in the pde6a 0 mutant. Recently, it has been reported that Mü ller glia are late retinal progenitors that generate the rod photoreceptor lineage in the postembryonic zebrafish retina (Bernardos et al., 2007) . In this study, we observed that rods increase in number in the els mutant at 6 mpf, and that cell proliferation is activated in the INL and ONL of the els mutant retina at 5 wpf. Very recently, it has been reported that a similar cell proliferation occurs in the adult zebrafish carrying the nonsense mutation in the pde6a 0 gene, although it was not confirmed that these proliferating cells expressed a marker of rod progenitors (Morris et al., 2008) . In the future, it will be important to investigate whether the increased proliferation contributes to the production of rods after the post-embryonic stage in the els mutant. In addition to the increase of rod number in the adult els mutant retinas, we found that INL cells decrease in number in the els mutant at both 6 and 12 mpf. This finding suggests that the absence of cones affects the maintenance of INL cells in zebrafish. It was reported that misconnections between rods and cone bipolar cells are observed in a cone-specific cyclic nucleotide-gated channel CNGA3-deficient mouse, in which cones progressively degenerate (Haverkamp et al., 2006) . It is possible that some INL cells undergo such abnormal synaptic connections to rods and are eventually eliminated in the els mutant retina. Further studies on the els mutant will provide insight on the interdependence between photoreceptors and other retinal neurons, as well as between rods and cones, in photoreceptor degeneration.
4.
Experimental procedures
Fish strains
Zebrafish (Danio rerio) were maintained according to the standard procedure (Westerfield, 1995 , were used in this study.
Genetic screening of zebrafish visual mutants
Genetic mutations were introduced in male gametes of RI-KEN wild-type strain using N-ethyl-N-nitrosourea (ENU) (Solnica-Krezel et al., 1994) . The establishment of F2 families and screening of recessive mutants from F3 larvae were carried out as previously described (Masai et al., 2003) . To identify visual mutants, OKR was measured at 5-8 dpf according to the published method (Brockerhoff et al., 1995) .
4.3.
Quantitative analysis of OKR under photopic/scotopic visual conditions Quantitative analysis of OKR was carried out according to the published method (Muto et al., 2005) . Three wpf larvae were restrained on a water-filled and silicon-coated dish using small pins without damage to the larvae. Light intensities under the photopic and scotopic conditions were 500 and 0.002 lW/cm 
Histology
Antibody labeling, in situ hybridization, cryosectioning and plastic sectioning were carried out as published previously (Masai et al., 2003) . The antibodies that we used in this study were anti-BrdU (1:100, Sigma), zpr-1 (1:100, Oregon Monoclonal Bank), zpr-3 (1:100, Oregon Monoclonal Bank) and antizebrafish opsin molecules including rhodopsin, red opsin, green opsin, blue opsin and UV opsin (1:50-500; Vihtelic et al., 1999) . Labeling with rhodamine-conjugated phalloidine (Molecular Probes; 10 À7 M) was carried out as previously described (Masai et al., 2003) .
Detection of retinal cell death
A series of 5 lm cryosections that cover the entire eye were prepared from the wild-type and els mutant larvae at 6 and 9 dpf. Cell death was detected by TUNEL using the in situ cell death detection kit (Roche). Dying cells in the ONL and INL were counted per section and summarized per eye. The number of eyes examined was n = 2 for each case.
4.6.
Plasmid preparation of zebrafish pde6a 0 , pde6a and pde6b genes DNA fragments of zebrafish pde6a 0 , pde6a and pde6b genes were amplified by PCR using the primers below. DNA fragments were subcloned into the pCR II TOPO vector (Invitrogen). GFH-red and GFH-Rh plasmids, which encode goldfish red opsin and rhodopsin, respectively, were kindly provided by Dr. Raymond and were used for the detection of zebrafish red opsin and rhodopsin mRNAs (Fig. 2J-M) (Raymond et al., 1993) . For the in situ hybridization using two different fluorescent-labeled RNA probes (Alexa555 for pdc6a 0 and
Alexa488 for GFH-red/GFH-Rh), the FISH tag RNA multicolor kit (Invitrogen) was used.
BrdU incorporation and labeling
Five wpf fish were briefly anesthetized using MS222 (Sigma) and injected intraperitoneally with BrdU (Sigma)-containing water at 10 mM. To facilitate BrdU incorporation, larvae were again injected with BrdU 3 days after the first injection and left overnight. Larvae were fixed with 4% paraformaldehyde (PFA) and dissected to isolate retinal tissue. Retinas were infiltrated with 20% sucrose and sectioned at 7 lm thickness using a cryostat. BrdU labeling was carried out as previously described (Masai et al., 2003) .
EM analysis
EM analysis was carried out using the protocol previously published (Schmitt and Dowling, 1999) . Embryos were fixed with 0.06 M phosphate buffer (pH 7.4) (PB) containing 1% PFA, 2.5% glutaraldehyde and 3% sucrose for 1 h at 4°C. Specimens of embryos were rinsed with 4% sucrose in 0.1 M PB and postfixed in 1% osmium tetraoxide for 1 h at 4°C. In the fixation of adult retina, the above procedures were slightly modified. To facilitate the penetration of fixative, a small hole was opened on the cornea of the dissected adult eyes using a fine knife, and subsequently, the eye cups were fixed in 0.1 M PB containing 2% PFA and 2.5% glutaraldehyde for 1 h at room temperature. After the lens and cornea were removed, the retinas were fixed again in the same fixative solution for 1 h. Specimens of adult retinas were rinsed with 0.1 M PB and postfixed in 2% osmium tetraoxide for 1 h at 4°C. After fixation, the specimens were rinsed with water, dehydrated in a graded series of ethanol-water mixtures, infiltrated in a graded Epon/propylene oxide series for several hours to overnight, and embedded in Epon (TAAB 812; TAAB Chem. Co.). Epon-embedded samples were sectioned at 0.5-1 lm thickness and stained with 0.1% toluidine blue (Merck). Ultrathin sections were prepared using an ultramicrotome (Reihart, Leica), counterstained with 2% aqueous uranyl acetate and Reynolds' lead solution (Reynolds, 1963) , and examined with an electron microscope (JEM 1200EX or JEM 1230; Jeol Co. Ltd., Tokyo, Japan).
4.9.
ERG measurement ERG measurement was carried out under the lightadapted condition according to published methods (Seeliger et al., 2002) . Seven dpf larvae were placed on a wet paper and illuminated at the light intensity 50-60 lW/cm 2 using LED light (NICHIA, NSPW500CS-b2U). ERG measurement was carried out using platinum wires as recording and reference electrodes. The voltage between two electrodes was amplified 1000 times and bandpass-filtered between 3 and 100 Hz.
Mapping of mutational loci
The mapping of els, tli and coa mutations was carried out as previously described (Masai et al., 2003) . The sequences of polymorphic markers used in this study were as follows: 4.11. Quantification of rbp4 mRNA in wild-type and els mutant embryos
Total RNA was prepared from 10 wild-type and 10 els mutant embryos at 6 dpf using the Sepasol-RNA I (Nacalai), and cDNA was generated using a derivative of M-MLV reverse transcriptase, SuperScript II reverse transcriptase (Invitrogen) and random hexamer primers (Takara Shuzo). rdb4 and b-actin cDNA fragments were amplified from the same amount of wild-type and els mutant cDNA in a series of PCR amplification cycles using the following primers: rdp4 forward primer, 5 0 -GCAGAGAGCTGGATGAGGAC-3 0 and reverse primer, 5 0 -GCTCCTTGATGCAATGGTTT-3 0 ; b-actin forward primer, 5 0 -GAAATTGTCCGTGACATCAA-3 0 and reverse primer, 5 0 -GAAGGTGGTCTCGTGGATAC-3 0 . The amounts of PCR products were compared between wild-type and els mutant embryos following electrophoresis.
Counting of rods and INL cells in the adult retina
The numbers of rods and INL cells were determined using one section image containing the central retina per an eye. Nuclei of rods and cones were distinguished on the basis of size and color using plastic sections or semithin sections stained with toluidine blue. Nuclei were counted in the rod nucleus layer and the INL within 100 lm length along the line parallel to the ONL. The ratio of the number of rods to the number of INL cells for each eye was calculated. Mean and standard deviations were determined.
